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ABSTRACT 

A methanol k a t  p i p e  u s i n g  n i t rogen  gas  f o r  temperature c o n t r o l  h a s  

been cons t ruc t ed  and t e s t e d .  

(2 t o  30 watts) wi th  t h e  h e a t  source n e a r  ambient t e n p c r a t u r e  and wi th  the  

heat s i n k  a t  a nominal va lue  ot 32OF. Control  was ob ta i ced  w i t h  a metal . 

bellows gas r e s e r v o i r  which vas ac tua ted  by an i n t e r n a l  l i q u i d - f i l l e d  

bellows. 

Tile  system was run ove r  a power r a t i o  of 15 

The l i q u i d  bcllows was p r e s s u r i z e d  by expanding l i q u i d  ne tkano l  

uhich \;as contained i n  an a u x i l i a r y  r e s e r v o i r  i n  the evaporator  heater 

block. It  tias der;,onstrated t h a t  the t cnpe ra tu re  v a r i a t i o n  of t h e  heat 

source was redt.ced from 36OF f o r  t h e  h e a t  pipe  wLth no c o n t r o l  t o  ? O F  

wi th  the  ac tda ted  E c l l o v s  c o n t r o l .  

* 
The hea t  p ipe  as conceived by Grover (1) and Trc fe than  (2)  and devel- 

oped by nany o t h e r  r e s e a r c h e r s  has demonstrated i t s  a b i l i t y  as a h igh  

thermal conductance Cevice vliich has rany u s e f u l  a p p l i c a t i o n s  l!owever, i n  

o rde r  t o  b c c o m  a f u l l y  o p e r a t i o n a l  t!icmal c o n t r o l  device,  thc conductance 

* 
l imber s  in b r a c k e t s  desif inate  Xcfcrences a t  t h e  .. 
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must bc c o n t r o l l a b l e .  For If il h e a t  p i p e  is c l o s c l y  coupled to a low 

temperature hca t  s i n k ,  and t h e  m i n t c n a n c c  o f  t h e  t e n p c r a t u r c  of t h e  source 

depcnds on ly  on t h e  f i x e d  impedance e x t c r n a l  t o  t h e  p ipe ,  t h e  h c a t  source 

(wlric!i i n  nany a p p l i c a t i o n s  nay be e l e c t r o n i c  c o n t r o l s )  can approach inop- 

e r a b l e  temperatures tinder low load cond i t ions .  It is d e s i r a b l e  and neces- 

s a ry ,  in EOSL cases, t o  d c s i g n  a hea t  t r a n s f e r  dev ice  which has a high 

t h e r n a l  conductance a t  h i z h  power bu t  one which reduces i t s  conductance at  

low pof;er d i s s i p a t i o n  l e v e l s .  It is  also d e s i r a b l e  t o  r e q u i r e  no electrical 

power t o  a c t u a t e  t h e  dev lce  t o  mininize t h e  power d r a i n  and t o  i n c r e a s e  

the r e l i a b i l i t y .  

S e v e r a l  c o n t r o l  techniques have been advanced. Since t h e  h e a t  p i p e  

ope ra t ion  depends on t r a n s p o r t  of t h e  high energy vapor t o  the condenser and 

r e t u r n  of t h e  l i q u i d  t o  t h e  evapora to r ,  perhaps t h e  Eost obvious c o n t r o l  

mechanists u t i l i z e  c o n t r o l  of t h e  vapor o r  l i q u i d  flow r a t e .  These niech- 

aniscrs r e q u i r e  a pre:.sure drop in t h e  vapor or a dry  a u t  cond i t ion  i n  t h e  

evaporator  13).  They may have l i m i t e d  f l e x i b i l i t y  and r e l i a b i l i t y  due t o  

the i n h e r e n t  heat pipe  p r i n c i p l e s  and r ewe t t ing  and restart f e a t u r e s .  Other 

techniques are based on t h e  v a r i a t i o n  of t h e r n a l  itipedance w i t h  active 

condenser area. Th i s  v a r i a t i o n  can be acconplishcd by condenser f lood ing  

with excess l i q u i d .  The conduc t iv i ty  of nost l i q u i d s  i s  low enough such 

t h a t  s i g n i f i c a n t  i rqedance c h n g e s  t a n  be r e a l i z e d  by a l t e r i n g  the th i ckness  

of t h e  l i q u i d  l a y e r .  

Another nicchanism for a l t e r i n g  the . a c t i v e  ccwlenscr area is t o  impede 

the d i f f u s i o n  , I f  w p o r  w i t h  a noncondeiisible gas. Any gas ir. t h e  p i p e  is 

c a r r i e d  t o  t h e  condcnscr tihere i t  accucu la t c s  and p r e s e n t s  a blockage e f f e c t  

t o  vapor. The e x t e n t  of t h e  hlocknge depends on t h e  mass of gas, t h e  Cas 
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temperature,  and t h e  h e a t  pipe t o t a l  p re s su re .  

i n  t h e  "shut-off" p o r t i o n  o f  t h e  condenser, i ts  tcmpcrature is n e a r l y  t h e  

same as t h a t  of t h e  h e a t  s i n k .  T h i s  gaseous p o r t i o n  is a mixture  which is  

in equ i l ib r ium w i t h  t h e  1iqt; id contained i n  t h e  wicked wal l  and which con- 

t a i n s  a mola f r a c t i o n  e q u a l  to  t h e  l i q u i d  s a t u r a t i o n  p res su re  a t  t h e  sink 

Since t h e  gas  is contained 

temperature d iv ided  by t h e  h e a t  p i p e  t o t a l  pressure.  

a t u r e ,  t h e  s a t u r a t i o n  p r e s s u r e  is cons tan t ,  and t h e  gas p a r t i a l  p r e s s u r e  is 

d i r e c t l y  r e l a t e d  t o  t h e  h e a t  p i p e  t c t a l  p re s su re .  As t h e  total pres su re  is 

governed by t h e  s a t u r a t i o n  p r e s s u r e  of tlie pu re  working f l u i d  i n  t h e  pure 

vapor, t h e  pas p a r t i a l  p r e s s u r e  is governed by t h e  pure vapor temperature. 

And t h i s  vapor t m p e r a t u r e  is  r e l a t e d  t o  t h e  source temperature through t h e  

sou rce  t e n p e r a t u r e  acd h e a t  f l u x .  It is apparent through t h e  above descr ibed 

mechanisn t h z t  t h e  volme of noncondensible gas I s  i n v e r s e l y  r e l a t e d  t o  t h e  

source t enpe ra tu re .  Thus t h e  convent ional  h e a t  p i p e  h a s  i n h e r e n t  . c o n t r o l  

aspects .  

volune and more condenser area is exposed t o  al low a h ighe r  h e a t  load. 

For  a f i x e d  s i n k  temper- 

hs t h e  sou rce  t e n p e r a t u r e  i n c r e a s e s ,  t h e  gas plug dec reases  in 

I n v e r s e l y ,  as t he  h e a t  l o a d  d e c i e a s e s  and as t h e  sou rce  temperature  is de- 

creased,  t h e  gas  expands t o  i n c r e a s e  condenser blockage and t o  maintain a 

higher  source t e c p e r a t u r e  than ~ t o u l d  o the rwise  ex i s t .  

The c o n t r o l  of t h e  conven t iona l  g a s  loaded hea r  p i p e  can b e  enhanced by 

t h e  a d d i t i o n  of a Cas r e s e r v o i r  which is t o  be a t t ached  t o  t h e  end of the con- 

denser  t o  hold excess  gas (4,5,6,7,8,9,10,11).  Tar the s m c  relatitrfi. t o t a l  

p re s su re  change, Ap/p, t h e  sane r e l a t i v e  volume chnn&a, Av/v, occurs.  'ihds 

i f  t h e  gas volwne is  larger, tlie voluce change is l a r g e r ,  and t h e  a c t i v e  con- 

denser  lenEth is niorc s i g n i f i c a n t l y  a l t e r e d .  Also t h e  r e s e r v o i r  a l lows t h e  



hea t  p ipe  t o  be vaca ted  of sas such t h a t  t h e  c i i t i r c  condenser can becorne 

ac t ive .  The f i x e d  voluae  r e s e r v o i r  c o n t r o l  can l e  f u r t h e r  enhanced wi th  

t h e  use of an e l e c t r i c  h e a t e r  e l e v e n t  which contro1.s t h e  t e r p e r a t u r e  (and 

the dens i ty)  of t h e  gas r e s i d e n t  i n  t h e  r e s e r v o i r .  Act ive  c o n t r o l  of the 

h e a t e r  temperature  r e q u i r e s  a u x i l i a r y  power. It, t h e r e f o r e ,  r e q u i r e s  an 

external power supply,  and it is  s u b j e c t  t o  power f a i l u r e .  These two draw- 

backs are circunventcd by the u s e  of a se l f - ac tua t ed  v a r i a b l e  volume r e s e r v o i r .  

The se l f - ac tua t ed  v a r i a b l e  r e s e r v o i r  vo1w.e s y s t e u  as conceived by 

Dynathem. Corpora t ion  (121 u t i l i z e s  t v o  e x t e n s i b l e  n e t a l  be l l9us .  

be l loxs  s e r v e s  as t h e  Gas r e s e r v o i r ,  and i t  is piped d i r e c t l y  t o  t h e  con- 

The l a r g e  

denser  end o f  t h e - h e a t  i p i p e .  

t h e  l a r g e  bellows. 

A smaller be l loxs  is  mounted concen t r i c  t o  

The slrall be l lows  con ta ins  a l i q u i d  uliich i s  callec! t h e  

ai ixi lSary f l u i d  znd k-hich is connected t o  n l i q u i d  voIvnc SR +,iicrrnzl con- 

tact  w i t h  t h e  h e e t  soarce .  

which is p res su r i zed  by t h e  expanding l i q u i d  ar tl.2 source  and a u x i l i a r y  

The gas bellovs is ac tua ted  by the s n s l l  bellows 

r e s e r v o i r  i n c r e a s e  i n  t e c p e r s t u r e .  Cxtension of t h e  gas  tel!.ovs d i sp laces  

a portion of t h e  gas froc. t h e  h e a t  p ipe  rdiich causes t h e  vapor-gas i n t e r -  

f ace  t o  Gave tovards  thc m d  c f  t h e  hea t  pip2 exposing n o t e  a c t i v e  condenser. 

The en la rged  condenser area a t t e n u a t e s  t h e  h e a t  sourcc  temperature  inc rease .  

Desired des ign  f c a t u r e s  of t h i s  system are: large thermal  expansion, small 

c o n p r e s s i b i l i t y ;  l a r g e  gas bcllows ?rea, sma l l  l i q u i d  bellows a rea .  The 

f l u i d  p r o p e r t i e s  are l i m i t e d  by available c o s p a t i t l e  materials and t h e  

bellows a r e a s  are l i n i t c d  by ~ a n u f a c t u r c ,  choice of s p r i n g  cons t an t ,  mater- 

i a l s  c o m p a t i b i l i t y ,  2nd srnall bel lows m x i m u m  a i lowable  pressure .  The 

o b j e c t i v e  of t h i s  s tudy  was t o  c o n s t r u c t  and t e s t  a se l f - ac tua t ed ,  va r i ab le -  

reservoir-volume, c o n t r o l l e d  h e a t  p i p e  as conceived i n  t h e  r e p o r t  by Dynatherm 

Corporat ion 1121  and as d e s c r i t c d  above. 
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The e x p e r i m n t a l  program c o n s i s t e d  of two phases. Phase 1 inc ludes  

cons t ruc t ion  and t e s t i n g  of t h e  b a s i c  h e a t  p i p e  and gas r e s e r v o i r  c o n t r o l  

system. T h i s  s y s t c n  war modeled t d t h  t h e  TRK-CASPIPE cocputer  p i o g r m ,  and 

t e s t s  were performed t o  assess t h e  performance i n  v a r i o u s  modes of opera- 

tion, yrirnary n o d i f i c a t i o n  t o  t h e  system f o r  Phase 2 cons' t ed  of t h e  

i n s e r t i o n  of a hollow p lug  i n t o  t h e  condenser volume to  i n c r e a s e  t h e  s c n s i -  

t iviLy.  

during t h i s  mod i f i ca t ion ,  a new wick of s l i g h t l y  d i f f e r e n t .  c h a r a c t e r i s t i c s  

v a s  ins ta l lec!  f o r  Phase 2. The modified system was also t e s t e d  i n  v a r i o u s  

modes, and comparison of t h e  r e s u l t s  f o r  t h e  two programs was nade. 

Since the  sc reen  wick v h i c h  t ~ a s  used du r ing  Phase 1 was damaged 

The Heat P ipe  

The "Feedbac: Control  Ireet Pipe Asserr.bly" is  shotm s c h c s a t i c a l l y  i n  

Figure 1, and t h e  d e t a i l s  of t h e  basic h e a t  p i p e  are shown i n  F igu re  2. 

S p e c i f i c a t i o n s  f o r  t h e  h e a t  p i p e  are l i s t e d  below i n  Table 1. The wick 

Table  1 €??AT PIPE S?ECIFICATIa?S 

material 

l e n g t h  

o u t s i d e  diameter  

wall t h i ckness  

end f l a n g e s  

f l a n g e  seals 

f h i d  

wick 

s t a i n l e s s  steel 

36 i n .  

0.500 i n .  

0.016 i n .  

s t a i n l e s s  steel 

buna-n "0" r i n g s  

methyl a l c o h o l  ( l a b o r a t o r y  p u r i t y  99 .92 )  

2 l a y e r s  of 200 mesh s t a i n l e s s  s t ee l  

screen wi th  an a r t e r y  fornicd hy 3.018 

i n .  d i a .  wire as shotm 
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1/16 O . C .  Stainless 
Steel Access Tubes 

0.50" 0.0.  x 0.016" Wall Buna-N 0-Ring Sea 
. 36" Long (6) 8-32 Clamping 

SECTION A-A 

\ End Flange 

f;.essure She1 1 

!.lick- Two Layers 
200 llesh Stainless 
Steel Screen 

\ ,018 F10i.r Channel 
Forrni ng Wi re l i q u i d  Return 

Channel 

Is 
Screws 

F I G U R E  z Basic Heat Pipe Design Features 
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consists of 2 l a y e r s  of 200 tilCSll s t a i n l e s s  s t e e l  s c reen  which is he ld  a g a i n s t  

the wall by an expansion s p r i n g  having 4 c o i l s  per  i n c h  of 0.02 i n .  wire. 

A l o n g i t u d i n a l  wire between t h e  wick and t h e  w a l l ’ f o r n s  a l i q u i d  r e t u r n  

artery. 

modi f i ca t ion ,  and t h e  “0” r i n g  seals tiere found t o  be t roub le - f r ee  and 

The h e a t  p ipe  was made w i t h  r e rovab le  end f l a n g e s  t o  f a c i l i t a t e  

adequate in a l l  r e s p e c t s .  

condenser, and a d i a b a t i c  s e c t i o n s  of e q u a l  size. 

The p i p e  vas divided i n t o  t h i r d s  for evaporator ,  

The aluninum h e a t e r  b lock  h a s  o v e r a l l  d inens ions  cf 3 x 1 1/2 x 12 inches.  

It is s p l i t  i r r to  two halves and cachined t o  r ece ive  t h e  h e a t  p i p e  and 2 

a u x i l i a r y  f l u i d  r e s e r v o i r s .  !-hen nsserrblcc! i t  is f as tcned toge the r  with 22 

b o l t s .  The h e a t e r s  were f a b r i c a t e d  by l a y i n g  n i c h r o m  wire i n  shallow 

chatmcls w i th  e2oxy i n  t h c  t o p  and bottom faces of t h e  block. 

2 h i a t e r s  hcc 3 r c s i s t c r . cc  of abcut 50 0Ii-S. 

Each of t h e  

The c!:zn?21 for t h c  h e a t  p f p e  

was d r i l l e d  o v e r s i z e  such that a 1/16 i n .  l a y e r  of indium metal could be i n -  

s t a l l e d .  The indium meta l  was wade s l i g h t l y  t5ick;r thar. t h e  gap such t h a t  

i t  vas squeezed upon assembly. Six t1:cmocouples v e r e  i n s t a l l e d  a t  regulsr 

i n t e r v a l s  bet\.:ecn the indium c e t a l  and t h e  hea t  p ipe ,  and they %:ere. pressed 

i n t o  t h e  ind iun  i n  good c o n t a c t  r i t h  t h e  w a l l .  

The condenser s e c t i o n  c o o l e r  vas f a b r i c a t e d  from 0.63.5 i n ;  i n s i d e  diam- 

e t e r  x 0.125 i n .  t h i c k  wall t r a s s  tube wi th  coTpcr tubes f o r  t h e  coolant  

brazed wi th  8 f u l l  f i l l e t  t o  t h c  o u t s i d e .  The s p l i t  t r a s s  tube vas o v e r s i z e  

t o  E I C C O ~ . I K O ~ ’ ~ ~ C  f i l l e r  m t e r i n l  which was uscd t o  in t roduce  a f ixed  thermal 

inpcdnncc. 

and the  2 ha lvc r  of t h e  brass tube lieat s i n k  s e c t i o n s  ticre clanped t i g h t l y  

For t h i s  stuc!y, neoprene rubber was uscd as a thermal inpcdance, . 
t o  the Iicat pipc.  Thcinocouplc wires \;ere i n s e r t e d  through tlic b r a s s  tube 

and rubber,  and the i n d i v i d u a l  j u n c t i o n s  were pressed between t h e  rubber and 
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the pipe wall.. The i n s t a l l a t i o n  was ruch t h a t  t h e  tliermocouplc j u n c t i o n s  

were nounted on a h o r i z o n t a l  midplane along t :e p ipe  on 1 inch i n t e r v a l s .  

The coolant  f l u i d  uas etliy1.enc. glycol which was c i r c u l a t e d  from a constant  

tccpcrature ba th  c o n t r o l l e d  t o  0 . 1 O C  accordiny, t o  the manufacturer 's  spcci- 

f i c a t i o n s .  The flow rate w a s  s u f f i c i e n t  t o  maintain tlic e n t i r e  b r a s s  tube 

in a nea r ly  isotherc .a l  cond i t ion .  The neoprene rukber l i n e r  served an 

important funct ion i n  a d d i t i o n  t o  a c t i n g  3s a f i x e d  thermal impedance. Vithout  

the rubber, the hea t  pipe wall vould have been r a i n t a i n e d  a t  a nea r ly  uniform 

tetiperature c lose  t o  t h e  coo lan t  tenpcrature (always nea r  32'F i n  t h i s  

s t u d y ) .  

f e r  takes  place and i n  t h e  blocked p o r t i o n  t h e  t m p e r a t u r e  of t h e  w a l l  would 

Thus i n  both t he  a c t i v e  p o r t i o n  of t h e  condenser where h e a t  t r ans -  

have been nea r iy  the sane. Ilcucver, t h c  rubber  t h e r m 1  impedance caused 

the .:all t e q e r a t u r e  C-c? bc 2: i~ s l g z i f i c x t l y  l : i$izr  t c q c r e t u r c  i:: t h e  
, 

a c t i v e  po r t ion  than i n  t h e  hJ..\cked p o r t i o n .  

The Phase 1 h e a t  pipe was modified f o r  Phase 2 t o  i n c r e a s e  t h e  c o n t r o l  

s e n s i t i v i t y .  The mod i f i ca t ion  c o c s i s t s  of t h e  a d d i t i o n  of a 5/16 i n .  d i a .  

x .020 i n .  w a l l  x 12" lonp, s t a i n l e s s  s teel  tube on t h e  c e n t e r  l i n e  of the 

condcnscr s e c t i o n  of t h e  h e a t  p ipe .  The t ube  was added t o  reduce t h e  

i n t e r n a l  volurne of t h e  condenser. The reduced condenser volume y i e l d s  R 

larger bcllows t o  condenser v o l u x  r a t i o  and consequently a g r e a t - r  movenent 

of the gas-vapor i n t e i f a c c  per u n i t  change i n  bellows p o s i t i o n .  

din.  tube reduces t h e  condcnscr v o l u ~ e  t o  a p p r o x i r a t c l y  112 of its o r i g i n a l  

The 5/16 in .  

value.  

condenser end of t b e  h e a t  p i p c  and s o f t  s o l d e r i n g  the  new tube t o  the  f l ange .  

T h e  t u b e  v3s added t o  t h c  p ipe  by nach in ing  a new end f l ange  f o r  t h e  

Thc tube is scaled a t  the end i n  t he  p i p e  2nd open encdcd whcrc i t  p ro t rudes  

throuy,h the  cnd fla:ir,e. Twclvc chroncl /coi ls tantan thr,rr~ocoupI.cs verc loca ted  
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on the top c e n t e r - l i c c  of t h e  t u b  a t  I i n .  i n t ev -  The thcrmo- 

couples were threaded through h o l e s  d r i l l e d  1.1 tlic : c wi th  ' r? j u r x t i o n s  

fomcd in t he  s o f t  s o l d e r  puddled over  each of the  d r i l l e d  hole:;, 

wire was routed o u t  of the h e a t  p i p e  through t h e  i n t e r i o r  of t he  5/16 in .  

dla .  tube. Two 1/16 i n .  d i a .  s t a i n l e s s  t u b e s  vcre a t t ached  t o  t h e  new tube  

i n  the same nnnner as t h e  thernocouples .  These t ubes  were loca ted  approxi- 

n a t e l y  0.30 inches fror. t h e  f l a n g e  end of t h e  condenser and protruded 

roughly 0.03 inches above t h e  s d r f a c e  of t h e  condenser plug tube.  

r a d i a l  o r i e n t a t i o n  was 15* on e i t h e r  s i d e  of the t o p  c e n t e r - l i n e  of t h e  p lug  

tube, and they were used t o  coniiect t h e  condenser t o  t h e  bellows system and 

t o  act  BS a f i l l  o r  vacuun access. 

T1.e l ead 

T h e i r  

The Cas R c s c x o i r  an6 t'tuxilizr:: Fluic! Il.ctuaticn System 

The p lace ren t  and o r i e n t a t i o n  of t h e  ccr.trc?l cczpcnents is shovn i n  

Figure 1, and the  d e t a i l s  of t h e  b e 1 l . o ~ ~  asscmtly are sliotm i n  Figure 3. 

Figure 4 i s  a photograph of t h e  b c l l o v s  ..ssenbly as use2 i n  Phase 1, 

2 con ta ins  p e r t i n e n t  i n f o r r . a t i o n  regarding t h c  c o n t r o l  system. 

assembly as shoc;n i n  F i g u r e s  3 and 4 was used i n  t h e  Phase 1 study.  It  con- 

sis:s a f  the i n n e r  and o u t e r  b e l l o u s ,  t h e i r  f l anges  and attachment f i x t u r e s ,  

and a clear  p l c x i g l a s  housing. 

external pressure on t h e  gas bel lows,  and t h e  ex tens ion  rod was used f o r  

mounting a d i a l  i n d i c a t o r  f o r  m x s u r i i i g  t h e  bellows d i sp lacencn t .  

were wcldcd t o  t h c  bellows by t h e  r a n u f a c t u r e r ,  and thc i i incr  bellows was 

suppl icd x i th  118 i n .  np.t.  n i p p l e s  \ahi.ch passed thrnugh ilie o u t e r  bellows end 

Table  

The bel lows 

The vacuum hnusifig a l l o v c d  c o n t r o l  of t he  

The f l a n g e s  

p l a t e s .  

The "0" r i n g s  shorn on the  a u x i l i a r y  l ~ c l l l o v s  f l a n ~ c s  were u s e d  t o  seal Ee- 

twecn the cas r e s e r v o i r  and Ehc VJCUU clinn1)cr. A l j  giirxiit pin:; wire loca ted  

' , ' - is  design c l iminn tcd  s e a l s  between t h e  inner and o u t e r  bellows. 
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Tablc  2 CO::TI:OL SPS'I'I:!! SPECIFICATIOSS 

noncondensiblc gas 

a u x i l i a r y  f l u i d  

a u x i l i a r y  r e s e r v o i r  

* 
bellows system 

inside diameter,  i n .  

o u t s i d e  diameter,  i n .  

n i t r o g e n  

l i q u i d  n c t h y l  a l coho l  

0.50 in .  1.D. IC 12 in .  long 

sp r ing  cons t an t ,  l b . / i n .  

max. p r e s s .  d i f f e r e n t i a l ,  

P s i  

l e n g t h  i n  compression, i n .  

l e n c t h  i n  ex tens inn ,  in .  

s t r o h  

* 
Bellows procured fror !letal 

Ca l i fo rn ia .  

a t  4 l oca t ions  t o  e l i m i n a t e  squirming of 

sure .  The bellows assenbly vas s o d i f i c d  

gas a u x i l i a r y  

2.00 0.20 

2.99 0.40 

16. 15. 

200 -- 
0.35 

1.05 

0.70 

Bellows Corp., Chatsworth, 

t h e  inne r  bellows vhen under pres- 

f o r  Phase 2 or' tho- study t o  reduce 

f r i c t i o n  which caused h y s t e r e s i s  i n  the  assecbly motion. The modif icat ion 

consis ted of a l a r g e r  plcxiglas c y l i c d e r  with alumin. 

of the  "0" r ings  f o r  t h e  ex tens ion  rod, and recoval  of t he  r e t a i n e r s  which 

end f l anges ,  r c r o v a l  

had li_r;..ited the bellows motion as shorm i n  Figure 5. 
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TEST C0!31iCT hX:D RIlSULTS 

Tire test progran c o n s i s t e d  of nany p r e l i n i n a r y  tests l ead ing  t o  t h c  

f i n a l  t e s t i n g  of t h e  iee6back c o n t r o l l e d  hea t  p i p e .  The procedures and 

r e s u l t s  are presented chrono! o g i c a l l y  t o  shew how tlic prograrn dcvcloped . 

Sinplc  Kcat Pipe Ciicc?cout 

Tine pipe was pumped d0V.m v i t h  t h e  ceci ianical  vacuuc puap and charged 

wi th  10 cc nethnnol.  Opera t ion  a t  low poL:cr k v e l s  (about 5 t o  10 wat t s )  

vas success fu l  i r A e d i 2 t e l j j .  Residual  noncondcnsible gas was evident  a t  the 

condenser end,but t h i s  vas e a s i l y  elir ; . inatcd by success ive  "burpings" t o  t!ie 

v a c u w  systerr.. A t  power l e v e l s  g r e a t e r  than 10 v a t t s ,  t h e  ten:perature a t  t 

t he  f a r  end of t!:e evapora to r  ~.:ould rise above t h e  ot?ler  tc r -pcra tures  in t h e  

eva;?nn?tc.r by 23 ZQUE+ :.:!?it?-. ic.'fcctcd Incj?fe,t :-:lcl: d z y - o a t .  Iz :;as 

necessary t o  ovcrcharge the kcat p ipc  by about 15CZ t o  r a i n t a i n  nea r  iso- 

t h e r m 1  opera t ion .  l !hi le  i t  was d i sappo in t ing  t o  rely on excess l i q u i d  for 

adequate performance of t h e  h e a t  p ipe ,  i t  vas n o t  ncessary t o  have a per- 

f e c t l y  uorkinr, hea t  p i p e  t o  d e c o n s t r a t e  t h e  v s r i a t l e  co28uctmce ceclianisns.  

-- Charactcr i  s t i c s  of the Fecdback Lo= 

After  success fu l ly  de-ons t ra t ing  the pcr€orn:ancc of t h e  cicple hea t  p i p e ,  

the  n e s t  tesr  vas to  check o u t  the opera t ing  c h a r a c t e r i s t i c s  of the  feedback 

systcn. 

placed i n  a corprcss ion  t e s t i n g  machine i n  its opcrn t iona l  a t t i t u d e  35 sliown 

The conplc te  bcl1ol:s nssccll ly t;as f i t t c d  !:it11 a loading p l a t e  and 

i n  F igure  6.  Figure 7 shows t h c  r e s u l t s  of t h i s  t e s t .  Tlrc unloading curve 

is not an accu ra t e  asseswent  of t h e  h y s t e r e s i s  s i n c e  i t  was obscrvcd z t  lower 

forces  t!mt the  luclJing head  was rov ing  fas te r  tlian tiic l e l l o u s .  A t  sore 
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FIGURE - Bellows Spr ing Constant - Test Set-Up 
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FIGURE 7 - Bellows S p r i n g  Constant - T e s t  Results 
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p o i n t s  a f t e r  10 t o  15 minutes ,  t h e  bcllows f o r c c  was s t i l l  changing. The 

loading curve is q u i t e  l i n c a r  over  t h e  middle 0.4 h c l l c s  of t r a v e l  and was 

used t o  c n l c u l 3 t e  a s p r i n g  cons t an t  of 3.15 l b f / i n .  

Following the  test f o r  s p r i n g  cons tan t ,  the  bel lows assembly was con- 

nected t o  a vacuum system as  shown i n  FiCure 8 .  

a d j u s t i n g  the  manifold p r e s s u r e  causing i t  t o  t r a v e l  f r o n  f u l l y  open t o  f u l l y  

The bellows was loaded by 

closed.  F igure  9 snows t h e  system h y s t e r e s i s  t:!ien going from t h e  ope. 

equ i l ib r ium pressure"  cond i t ion  t o  f u l l y  compressed and then rcturn,ng. I 1  

The bellows movecezt is plo t ted .  a g a i n s t  t he  p re s su re  d i f f e r s n t i a l  so t h a t  

the e f f ec t i -*e  p r e s s u r e  area, AI, of thc l a r g e  bel lows could be ca lcu la t ed .  

This  was done by us ing  the calculated s p r i n g  cons tan t ,  and h was i o m d  1 
Tne belly:?.g of t o  average 4.46 in2 f o r  t h e  c c n t c r  0.4 inches  of t r a v e l .  

t h e  s l o p e s  of t h e  loading an2 unloading ccrVes i n d i c a t e s  t h e  e f f e c t i v e  

p re s su re  area of t h e  b e l l o v s  does  chanse as they are  opened and t h a t  it is 

l a r g e s t  when t h e  t - e l l ~ c s  are  n e a r  a rest pos i t i on .  

It had been assuced t h a t  t h e  e f f e c t i v e  are3 publ ished i n  t h e  nanufact-  

f er ' s  c a t a l o g  aean t  bo th  e f f e c t i v e  "pressure" area and "volune d i sp lacecen t "  

area and, hence, t h e  tern A1 i n  a l l  t h e  d e r i v a t i o n s  t;as used f o r  bo th  pur- 

poses. The sc1icr.e shown i n  F igure  10 was used t o  measure t h e  i n i t i a l  (c losed 

bellows) volune and t o  d e t e r n i n e  t h e  change i n  volusric as the bel lows opened. 

The results of t h i s  t e s t  arc shown i n  F igure  11. e f f e c t i v e  area, f o r  vol-  

me, is then the  s l o p c  of t h e  curve in Figure 11 dr 5.03 in'. This  conpares  

with tlic mean e f f c c t i v e  p r e s s u r e  area of  4.46 and t h e  c a t a l o g  va lue  of 4 . 8 3  

(wliicli docs n o t  have t h e  area of t h e  s z a l l  bellows of a p p r o x i m t e l y  0.075 in2 

stbtrncted ou t ) .  It appears  t h a t  t he  p b l i s i i c d  va lue  could be used w i t h  

only a s n a l l  e r r o r  in t roduced .  
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Ful i  Open ( d i a l  = 0.500) 

Full Closed (dial  = 1 . loo) 

4 U 

FlGURE 8 - Bellom System Hysteresis - Test Set-Up 

U .5 .6 .7 .8 .9 1 .o 1.1 1.2 
D i a l  Indicator - inchcs 

FIGURE 9 - Gcllows Systeni Hysteresis - Test  Resu l ts  
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= 0 (c losed)  

To 
Vac 

FIGURE 10 - Bel lows Vol r e / V o l  ume D i  spl acement - Test. Set-Up 

FIGURE 11 - Bellows Yolurne/Volurn? Displaccmnt - T e s t  Resu l t s  
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Cas C e  1 lows /:lu:.- i 1 i nr:; F l u i  d S y 5 t cci Zc s p ons c 

Analysis  of  t he  bel lows s y s t e m  respoiise appears  i n  A?pendlx A. This 

a n a l y s i s  was used i n  t h e  s e l e c t i o n  of t h e  bcl lows sizes, al though a v a i l a b i l i t y  

and cos t  were ove r - r id ing  cons i26 ra t ions .  Althuuzh t h e  express ion  given f o r  

b e l l o w  movement du r ing  a c t u a l  ope ra t ion  i s  Governed by Eq. (AT!?), t h e  Kodi- 

f i e d  Eq. (11-12) p l o t t e d  i n  F igu re  A- 2cou ld  be checked without  ope ra t ing  

the pipe.  The a u x i l i a r y  r e s e r v o i r  w a s  connected t o  the  bellows assenbly and 

charged wi th  l i q u i d  x t h a o l .  The h e a t  p ipe  ..-as then evacuated (no ret i isno1 

i n  the  p ipe) .  

back p res su re  was ad jus t ed  u n t i l  t h e  bellows j u s t  began t o  open. 

The vacuum = a n i f o l d  used t o  r a i n t a i n  t h e  bellows assenbly 

The aux i l -  

iary f l u i d  r e s e r v o i r  f i l l  v a l v e  was then secured,  s e a l i n g  t h e  system. The 

h c a t c r  b l cck  t e i q e r z t u r e  ~ J O S  r a i s e d  s lowly bu t  t h e  bellows d i d  not respond 

u c t i i  tnc t e c p c r a t u r e  had r i s e n  sa5s t a r . t i a l l y ,  i n  somc cases as cuch as 4C°F. 

Once the  Kotion s t a r t e d  it' cont inucd l i n e a r l y  u n t i l  the bellows vas f u l l  

open. 

compressed before  t h e  be l lows  would func t ion .  

Poss ib ly  the a u x i l i a r y  systerr. had sone r e s i d u a l  gas which had t o  be 

The r e s e r v o i r  charging technique  had cons is ted  of simply evacuat ing the 

r e s e r v o i r  wi th  a vacum. s y s t e n  and su5sequer?t hack f i l l i n g  crith cethanol .  

The 

have been adequate.  

systeC, t he  technique was changed t o  inc lude  b r i n r i n g  t h e  r e s e r v o i r  above 

the norna l  Eoi1ir.C po in t  and l e t t i n g  t h e  vapor  c!ischarCc through a l i q u i d  

nethanol  f i l l e d  f l a s k .  

out  with tlic methanol vapor  and when the 

would rc -cn tcr  i t .  Subsequent t e s t s  showed t h a t  this procedure was a l s o  

ult imate p r e s s u r e  of t h e  vacuum p*!cp was less than 1 t o r r  vhich should 

S ince  t h e  above r e s u l t s  i nd ica t ed  r e s i d u a l  gas i n  t h e  

I t  was hopcd t h a t  any trapped cas would be c a r r i e d  

r e s e r v o i r  cooled,  only mct l~anol  
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a p p a r r i t l y  not  adequate  f o r  charg ing  t h c  a u x i l i a r y  r e s e r v o i r .  l!owever, i n  

t he  course o f  o p e r a t i n 2  t h e  system, i t  was found t h a t  t h e  a u x i l i c r y  l i q u i d  

could  be  preprcssur ized  u s i n g  a s inple  scheme. Tlic back p res su re  on t h e  

be l lows  was a d j u s t e d  t o  open t h e  bel lovs  approximately 0.10 inch.  Then 

after s e a l i n g  t h e  a u x i l i a r y  system, t h e  back p r e s s u r e  w a s  increased  causing 

t h e  bellows t o  p r e y r e s s u r i z c  t h e  a u x i l i a r y  f l u i d  t o  approximately 30 ps ig .  

Now, when t h e  scu rce  t e n p e r a t u r e  w a s  increased ,  t h e  hdlO\JS responded 

inrcediately.  

p rep res su r ing  technique vas enployed are shown i n  F igure  12. Th i s  t es t  

poin ted  t o  a s e r i o u s  d e f i c i e n c y  i h .  t h e  s e t u p ; . t h a t  of n o t  be ing  able t o  

indcpendent ly  adjust  t h e  a c z i l i a r y  l i q u i d  p re s su re .  Therefore ,  at t h i s  

Tho, r e s u l t s  of t h i s  s y s t e n  checkout bo th  be fo re  and a f t e r  t h e  

p o i n t  an a u x i l i a r y  f l u i d  p r e s s u r e  a d j u s t i n g  chacber was added t o  t h e  spsten. 

It csnsistec! G Z  a t:ij.c?i wall& brass cylinder k i t h  a screw p i s t o n  which 

a l t e r e d  the  volume (p res su re )  of t h e  r e s e r v o i r .  

The bel1ot;s s c n s i t i v i t p ,  t h a t  i s ,  disp1ace;xnL due only t o  a h e a t e r  

block t enpe ra tu re  change, vas approx ica t e ly  .021-. 023 in/'F. 

s i d e r a b l y  lower than t h e  d e s i g n  p r e d i c t i o n  of .035 in/OF L'ron Figure  A-2. 

The r e p e a t a b i l i t y  of t h e  s l o p e  of  t h e  tes t  r e s u l t s  i n d i c a t e d  t h a t  t h e  systcm 

response was a s  ceasured  and  tha t  t h e  e r r o r  l ies  i n  t h e  c a l c u l s t c d  p r e d i c -  

t i o n s .  Therefore, t h e  f i n a l  phase of t h e  test p r o g r a  was begun. 

Th i s  was con- 

Vnr i ab 1 c - Condri c t 311 cc Ope r n t i on 

The ent i re  assembly, as shoc;n i n  F igu re  1, fsas nex t  opera ted  as a u n i t .  

The s y s t c n  was charged i n  t h e  fo l lowinc  manner. F i r s t ,  t h e  a u x i l i a r y  system 

was char@ vi t h  the nethods o u t l i n e d  above (evacuate ,  b a c k f i l l ,  b o i l  and 

backfill), w i t h  the f i l l  por t s  l e f t  opc:~. x t ,  t1.c h c n t  p i p c  and gas bell.ows 
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system were evacuated by puri;ping tlirourh the  manifold f o r  approsimatcly 24 

hours. Xote 

t h a t  w i th  t h e  v a l v e  a r r a n g e m n t  shown, e i t h e r  tlic h e a t  pipe or the  gas 

bellows could be evacuated independently.  

w i th  approx ina te ly  20 c c  of nethanol .  

t h e  condenser thernocouples  would tc dr iven  abovc t h e  s i n k  terpcrature.  

vacuum was then opened t o  t h e  h e a t  p i p e  i n t e r i o r  and t h e  condenser t e q x r a -  

t u r e  noni tored.  Wien t h e  couple cearest t h c  end cane up t o  t h e  rest of t:ie 

condenser, i n d i c a t i n g  a f u l l y  a c t i v e  h e a t  p j p c ,  t h e  vacuum va lve  tias closed 

The va lve  b e t w c n  t h e  h e a t  r i p e  and bellows vas then closed.  

Next t h e  hea t  pipe tias back f i l l e d  

The source was then turned on s o  thac  

The 

and secured and t h e  pover arzd cooling loop turned o f f .  The bellows back 

p res su re  was t hen  ad jus t ed  t o  b r i n g  t h e  bellows f u l l  open. 
I 

Vlien t h e  p ipe  cane back t o  e q u i l i b r i u i i  a t  roon tcrcpsratxrc,  t he  nor?r,-i- 

dens ib l e  gas ( n i t r o c e n )  vas int roduced i n t o  th&: bellows untC1 the t o t a l  

p re s su re  vas approximately 1 p s i  above t h e  hea t  p ipe  t o t a l  p r e s s u r e .  

over p re s su r ing  preve i ted methanol from e n t e r i n g  the bellows vhen the  va lve  

between t h c  hea t  p i v  and bellows vas opened. 

vated which caused t!ie h e a t  p ipe  t o  s t a r t  c p e r a t i n g  i n  i t s  n o m a 1  rode. 

After a few minutes t h e  r a i n  va lve  was opened and the n i t r o g e n  gas en te red  

t h e  h e a t  pipe. Cccause of t h e  mass of tlic h e a t e r  block, i t  had no t  y e t  

s t a r t e d  t o  drop i n  temperature.  

vaporlgas  i n t e r f a c e  t o  mcvc far i n t o  the a d i a b a t i c  s e c t i o n .  

vacuu! va lve  t o  t h c  hea t  p i p e  was opened and a s  the  n i t rogen  was slowly pucped 

o u t ,  the navecent of t h e  vapor/gns i n t e r f a c e  could be seen along the  con- 

denser by watching t h e  thermocouplcs r i s e  i n  tu rn  -0 near the vapor  ter;.para- 

turc.  The I c l l o w s  hack p res su re  ~ 3 s  then increased u n t i l  the b e l l o v s  was 

T h i s  

Next t h e  coo l ing  loop was a c t i -  

The over f i l l i n g  w i t h  n i t r o g e n  caused t h e  

C a r e f u l l y  the 
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wi th in  about 0.050 i n .  of be ing  c losed .  The n i t rogen  gas vas then pumped 

ou t  u n t i l  t he  vaporfgas i n t c r f  ace residctl  a t  approx i rn t c ly  the number 

twclvc therrr .ocou~lc (0.5 i n .  i n t o  the  condcnser fror: tlie a d i a b a t i c  s e c t i o n ) .  

F i n a l l y ,  t h e  f i l l  p o r t s  i n  t h e  a u x i l i a r y  r e s e r v o i r  Were secured arid the  pre- 

p re s su r ing  screw p i s t o n  VGS ad jus t cd  u n t i l  t h e  belloy.-s j u s t  beznn t o  rove. 

The variable-conductance h e a t  Tipe was ready f o r  operat ion.  Af t e r  a n m b c r  

of days of taking d a t a  and f l e x i n g  the  system, i t  was noticed tha t  t h e  gas/ 

vapor i n t e r f a c e  p o s i t i o n  was n o t  r e p e a t a b l e  t:.ith hea t  load. It was thought 

a t  f i r s t  t h a t  gas was once aga in  1eakir.g i n t o  t h e  systen.  

n o t i c e a b l e  t h a t  t h e  a u x i l i a r y  f h i d  p r e s s u r e  vould decay s l i g h t l y  t.-licn the 

I!owever, i t  becace 

t e r p e r a t u r e  was held coiista-t .  I f  a s i n g l e  f a i l u r e  IUS the  cause of both 

problems 3.t had t o  be t h a t  e i t h e r  the O-ring sea l  bctveen t h e  gas ani 

a u x i l i a r y  systems vas 1.eafing o r  t he  sna l l  Eellows ha6 become Icsky allct:inp, 

the  a u x i l i a r y  Eerhar.01 t o  l e a k  i n t o  t h e  larpe b e l l o v s  ~2.s chanber. 

was again disassenbled.  The sna l l  te l lovs  \..as f i t t e d  i n  a t e s t  J i g  s o  i t  

could be p re s su r i zed  wi th  l a b o r a t o r y  h iph  p r e s s u r e  a i r  \:hen irmcrscd i n  a 

water  tank. 

a t  a ra te  of about 1/1G" i n  d i n a e t e r  i n  f i f t e e n  minutes a t  approx ica t c ly  50 psi. 

Atterqts t o  s o l d e r  t h e  h o l e s  c losed  caused the  bellows t o  l e a k  l i k e  a s i e v e .  

A new bellows was ordered t o  the s a ~ e  s p e c i f i c a t i o n s .  The manufacturer 

reminded u s  t h a t  t h c  riaxirun p r e s s u r e  the t J C l 1 0 k . S  was good f o r  vas 200 p s i d .  

Looking back tlirough the  p r e l i n i n a r y  tests, t h e r e  were t ims  wlicn t h i s  p re s su re  

tias dr iven  as high a s  300 psic? and q u i t c  p o s s i b l y  higher  by i n a d v e r t c n t l y  

d r i v i n g  tlic bcllows L:,lck p r e s s u r e  too' h igh .  The  sct-up ti'c1s already q u i t e  

ciu.ibersonic w i t h  too many p o s s i b l e  f a i l i i r c  p o i n t s  and unknown valve,  f i t t i n g  

and a s soc ia t ed  tubing vol.ur;..es. 

The system 

Three t i n y  bubbles  foC:icd on t h e  l eaves  of t h e  b e l l o v s  grohing 

There fo re ,  it was dccidcd t!iat t h e  auxiliary 



prc-pressuring zhanbcr could hc used t o  keep t h e  systcrlr pressure wi th in  

l i n i t c ,  and no p r e s s u r e  r e l i e f  v a i v c  was i n s t a l l e d .  

F.fter the bcl lows a r r i v e d ,  i t  was icmcdinteiy i n s t a l l e d  i n  the system 

and opera t ion  s t a r t e d  again.  F i n a l l y ,  t h e  system perforned under a l l  

o p e r a t i n g  cond i t ions .  It was run  i n  a t o t a l  cf fL*.e nodes. (1) S o m a 1  h e a t  

p ipe  with no gas ;  (2) Convcntional v a r i a b  nduc tmce  (c-v-c) with j u s t  

t h e  condenser volune;  (3) c-v-c vith a fix gscd b;lloc:s volume; ((0 c-v-c 

wi th  a f ixed  open bellows gas volume, and (5) the f ccdback-controlled node 

w i t h  v a r i a b l e  gas be1lo:;s v o l u m .  

2-30 watts,  nominal. 

The t c s t s  were run over  a power range of 

The r e s u l t s  of these tests are s l i o ~ m  in Figure 13 for 

v a r i a t i o n  of source t e n p e r a t u r c  and i n  Figure 14 f o r  v s r i a t i o n s  of working 

f l u i d  vapor terrqcrature.  
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L'nrrodificd P i p e  Rcsrilts -- 
The d a t a  shown i n  F igures  13 and 14 c o n s t i t u t e  t h e  p r i c a r y  resu l t s  of 

the program. F i p : e  13 shot:s t h e  h e a t e r  block terrperoture vc r sus  h e a t e r  

power, and Figure 1 4  shows t h e  a d i a b a t i c  s e c t i o n  temperature  versus h e a t e r  

power. 

S a m  as t h e  pure vapor t e r p e r a t u r e .  

t i on ,  and they show t h e  i c p r o v e m n t  i n  t e r p e r a t u r e  c o n t r o l  u i t h  t h e  use of a 

noncondecsi t le  pas and f u r t h e r  K i th  t h e  feedback c o n t r o l  f ea tu re .  Fase l ine  

The adid:at ic  s e c t i o n  t e c p e r a t u r c  was shorn t o  be  e s s e n t i a l l y  the  

Data are showc f o r  t h e  5 Eodes of opera- 

opera t ion  of t h e  b a s i c  p ipe  without  gas  is  ind ica t ed  by t h e  steepest l i n z  

which shows t h a t  the source t e r p e r a t u r e  drops t o  about 3S°F froin 74'F when 

the  power is reducsb. The Ferfordance is  i rproved considerably when pas is 

add& t o  t h e  p ipe  but  wi th  no r e s e r v o i r  3t all. 

increased fron about 6S°F to 90°F when t h e  poxer was increascd .  

i t  was possible t o  a d j u s t  t h e  scurcc t enpera turp  t c  some va lue  (68°F) a t  low 

pacer i n  t h i s  code; whereas t c i t h  no gas present ,  no such r egu la t ion  was 

poss ib le .  

"bellows he ld  closed" and "bcllows held open" opera t ion .  

2.9 cu.in. and 6.0 cu.in.  r e spec t ive ly .  The t o t a l  amount of n i t rogen  i n  t h e  

p ipe  r e s e r v o i r  vas t h e  sane for both of t hese  modes, and t h e  lower t expcra ture  

of the open Goae as conpored t o  t h e  closed bellows node were d u e  t o  thc presence 

of less gas i n  the  p ipe  and hence more a c t i v e  condenser. !htc t h a t  

no da ta  was acquircd beyond 22 watts wi th  the r e s e r v o i r  in t h e  

I n  t h i s  node the tenpera ture  

Xote t h a t  

The advantage of a gas reservoir is deEonstrated by t k -  po in t s  f o r  

Thes? v o l u m s  a r e  

fixed-open posit ioi l .  This  was due t o  t h e  f ac t  t h a t  t h e  vapor lgas  i n t e r f a c e  

had movcd alcost t o  the end of t k w  condenser, and oy;el-ation a t  iiiy,hcr povcr 

l e v e l s  tioulJ iiavc r c s u l t e d  i n  ccr ;plete  e l i n i n a t i o n  OF gas from t he  p i p e .  
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Continued ope ra t ion  i n  t h i s  stjltc Wouit! have caused d i f f u s i o n  of nethano1 

vapor i n t o  the r e s e r v o i r  w i t h  subscqurn t  long time i n t e r v a l s  t o  s teady  npera- 

t i on .  It is a n t i c i p a t e d  t h a t  t h e  source  t enpe ra tu re  f o r  30 watt ope ra t ion  

would have been t h e  smc as f o r  the b a s i c  p ipe ,  i.e., 74°F. 

s c n s i t i s i t y  vas  exper ienced  w i t h  be l lows  a c t u a t i o n  by the a u x i l i a r y  f l u i d  

The b e s t  c o n t r o l  

pressurc. 

about 9 O F .  

I n  t h i s  mode, t e r p e r a t u r e  v a r i z t i o n  of t h e  source  was l i T i t e d  to 

Operat ion i n  t h e  Leedback =ode Frcduccd a vspor lgas  f r o n t  

movcmnt of approxicately 10 i n c k s  f o r  t h e  f u l l  power chmpe.  T h i s  d i sp lace-  

ment r ep resen t s  a l r ios t  t!ie e n t i r e  l e n g t h  of the condsnscr s ec t ion .  The vapor  

t enpe ra tu re  w2.s l i a j t e d  t o  a 3 O F  rise for t h e  sane cond i t ions  as s h o ~ ~  i n  

F igure  14,  and i t  was lesr than  t h e  source  t ecpe rc tu re  change f o r  a l l  rodcs 

of o p r a t f o n .  Tz51e 3 s u m a r i z e s  t h e  r e s u l t s  t o  the n e a r e s t  degree,  2nd i t  is 

with  a v a r i a b l e  s i z e  i n  t l ic range t e s t e d .  

TAELE 3.  HEAT PIPE CCXXrbOL CO:.PILD,ISO?:S (IK?33TFIEC PIPE) 
Terpe ra tu re  Change (OF) f o r  Pover 

. Change f r c n  2 t o  30 v 
vapor  source 

Basic  h e a t  p ipe  (no gas) 30 36 

No e x t e r n a l  r e s e r v o i r  (gas i n  p ipe)  18 22 

2.r cu. in .  r e s e r v o i r  (bellows c losed)  9 13 
Variab le  volune r e s e r v o i r  - feedback c o n t r o l  3 10 

The repor ted  data are from runs which occurred over  a per iod  of approsicatclp 

one Konth. I n  that  t i c e  t h e  hea t  p ipe  charge and system 23s content  were n o t  

a l t e r e d .  The t czpe ra tu re  r c p r o d u c i h i l i  t y  a t  both  h i g h  and low powers i n d i c a t e  

t h a t  t h e  system was e s s e n t i a l l y  lea::-tight. Appros lmtc ly  fo r ty - f ive  I i i R u t c s  

were requi red  f o r  cach steady-state condi t ion .  Th i s  d id  c o t  allow r?r.oufJi 
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time f o r  t h e  c q u i l i b r i u m  t o  e x i s t  bctveen the oio1a1 content  of. tIic apor- 

gas rrixture i n  t h e  r e s e r v o i r  and t h c  condcnscr. IIorcver, bccausc thf: 

temperature of t h e  i n a c t i v e  p o r t i o n  of t h e  condcnser w3s n e a r l y  c m s t a n t ,  

the cocpos i t i on  of t h e  mix tu re  a t  t h c  condenser end d i d  not vary Ipprcciably.  

For cases where a test c o n d i t i o n  was l e f t  overnight  t h e  ter;lperatuAc changes 

were not  d i s c e r n i b l e .  

Nodificd Pipe Xcsul ts  

As e a r l i e r  d i scussed ,  t h e  systerz. t;as n o d i f i c d  for t h e  second phase of 

the progran. .  These c o d i f i c a t i o n s  were t h r e e f o l d :  (1) A p l u g  vas i r s c r t e d  

In the condenser gaslvapor  volurse, (2) t h e  v a c u m  housinz axcunc? the b e l l o v s  

asscF.hly vss enlarged t o  i n c l u d e  t h e  dial i n d i c a t o r ,  and (3) t h e  3 r e t a i n e r  

clips tiere rer.oved f r o 3  around t h e  lat-ze Fellows. The cffcct of (1) vas to 

i n c r e a s e  t h e  control s e n s i t i v i t y  t o  c r e a t i n g  a l a r g e r  change i n  t h e  i .ct ive 

condenser l eng th  f o r  t h e  s a m  bellows Z i s p l a c c r e n t ,  and n o d i f i c a t i o n s  (2) 

and (3) were t o  reduce f r i c t i o n  i n  the  t e l l o w s  no t ion .  i3e~ov31 of t h e  

r e t a i n e r  c l i p s  a l s o  alloi .mi t h e  b e l l o v s  t o  expand u n t i l  i t  was stopped by 

the P l e x i g l a s  housing. 

a gas r e s e r v o i r  volune that: is 1U l a r g e r  t han  i n  Phase 1. 

Therefore the " f u l l  open" b e l l o x s  p o s i t i o n  r e p r e s e n t s  

Tile results of the tes ts  w i t h  t h e  nod;.fied system are taSulatcd i n  

Table 4. Cocparison of  r e s u l t s  f o r  equivalent cond i t ions  i n  Tables  3 and 4 

S ~ O L - S  t h a t  t h e  c o d i f i e d  p-i-1)~ had iiiprovcd c o n t r o l  c a p a b i l i t y .  Liicreas the  

tcr:..peraLure ri sc. of t h e  sou rce  M ~ S  10°F ~ v i t h  the  f u l l  conc?cnscr volume 

a c c e s s i b l e  t o  the gas, t h e  rise was l h i t c d  t o  7°F wi th  t h c  p i u g  i n s t a l l e d .  
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Thc t o t a l  gas con tcn t  vas g r e a t e r  f o r  tlic Phase  2 opera t ion  a l lowing  o p c r a t i o n  

of t he  p i p e  with tlic bel lows f u l l  open arid a t  30 w a t t s  pover 

cnntent caused t h e  t ewpera tu rc  l e v e l s  t o  Ec sancvhat h ighe r  i n  Phase 2 than  

in Phase 1. Cozparison of a l l  ;-.odes is p o s s i b l e  on t he  b a s i s  of t e s p e r a t u r e  

T'ie l a r g e r  gcs 

rise per  u n i t  power chanEe as is snokm in Table  5 .  

TAELE 4. XEAT PIPE COXTXOL CO?€PARISO:~S (P!ODIFIED PIPE) 

Terpc ra ru re  Chance (OF) f o r  Powr 
Chan2.c from 2 t o  30 1:atts 

2.9 cu.in.  r e s e r v o i r  (ke l i i - . - s  c i c s e d )  

6.8 cu.in. r e s e r v o i r  (bc l lovs  opm) 

Variable  v0lur.e r e s e r v o i r  - feer?back c o n t r o l  

Source 
7- 

Vapor 

8 12 
5 10 
2 7 

Change i n  F e a t e r  Tenpcraturc P e r  Unit Power, 
O F / w a t t  

P!inirum r e s e r v o i r  v c t  . 0.46 0.43 
PIaxinuc r e s e r v o i r  vo l .  0.46 0.36 
Vnri a b l e  r e s e r v o i r  v o l .  0.36 0.25 

The s i g n i f i c a n t l y  iciproved temperature s t a b i l i t y  o f f e r e d  by gas c o n t r o l  tech- 

niqucs i n  gene ra l  is obvious when any of tlic values  of Tablc 5 are conparcd t o  

?/, t he  uncon t io l l cd  s y s t e m  response of - I t  is a l so  q p a r c n t  LS 

that  the n o i d f i e 2  systcm had approsinntc1.y 302 iz; ,rovercnt i n  t h e  a t  t cnua t i cn  

= 1.29 OF/watt. 

of the ter:I:craturc. cliangc of the SOUI*CC. 
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cowu-r!:R ;:ODI:I.I:IC, OF TI:L co:;moLLI:i) imn r IPC 

The TH! Systems, Inc .  computer program c a l l e d  C",SPIPE was used t o  

model the v a r i a b l e  conductance hcnt  pipe.  T h i s  prograln will p r e d i c t  t he  

t o t a l  Ireat t r a n s f e r  ra te  g iven  the  moun't of gas  o r  t ~ i e  t o t a l  mount  of gas  

present  i n  the  r e s e r v o i r  aud t h e  p ipe  i f  t h e  heat load  is s p e c i f i e d .  

e i t h e r  case, a f i x e d  s i z e  gas  r e s e r v o i r  is assumcd. 

used t o  c a l c u l a t e  t he  a m u n t  of nonccndensible gas s i n c e  no experir .enta1 

de te rn ina t ion  of this q u a n t i t y  was nade, and t h e  r e s u l t i n g  temperature pro- 

f i l es  were cocpared t o  the e x p e r i z c n t a l  ter.lpcratures. The. progrsn r e q u i r e s  

as i n p u t  d a t a  s p e c i f i c a t i o n  ther t ;a l  cocductance va lues  for the  wick-l iquid 

matrix and f o r  t h e  comiuction pat!\ f ron  t h e  p ipe  wall t o  t hc  coolan t .  

t h i s  exper ipcnt  t h e  t!icr:.al pa th  f r o n  the wall t o  t h e  coolan t  is cocp l i ca t ed  

by contaci resistzrices nl: Loti1 i a c c s  ui tile neoprene ruLber and by t h e  

conipressibi l i ty  of t h e  neoprene i t s e l f .  A series of 30 runs vas r a d e  a t  5 

power s e t t i n g s  w h i l e  d i m g i n s  t h e  a c t i v e  ccndenser l e n g t h  by Zisplacir is  tlie 

Gas bellows through ad j u s t m n t  of tIic back p res su re  i n  ttir p l e x i g l a s  c5snLer. 

The r e s u l t s  of  t h e s e  tests a r e  shot..-n i n  r i g u r e  15 as a d i a b a t i c  s e c t i o n  tec- 

pcrature (vapor t ecpe ra tu re )  ve r sus  a c t i v e  condenser lenZtIi for t he  5 power 

s e t t i n g s .  The average conductance vas c a l c u l a t e d  t o  be 7.48 va t t s / sq . f t . ' F  

(+ - GZ). Celculnted p c r f c r r a n c e  curvcs  are shcm € o r  carpar i son  2nd tlie va lue  

s p e c i f i e d  i s  considered t o  r e? re scn t  the d a t a  vc l l .  

f o r  the r e s o l u t i o n  of t h e  n c t i v e  conc!cnser l eny th  t-hidl i s  l i n i t ec i  t o  about 

3 / 2  jn. due t o  t!;e t1:err:ocouple s p x i n g . '  The ccridcnser conductancc and ttic 

otl .cr  p a r o ~ c t c r s  w r c  uscc! t o  c a l c u l a t e  t?ie gas ccn tcn t  f o r  19 runs over the  

powcr ranee fror;! 2 t o  20 t :a t t s  nnc? f o r  a r3ng.c of p o s i t i o n s .  The nvcr;ly,c 

In 

The CASPIPI: program was 

In 

The agrecmnt  i s  adcquatr? 
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FIGURE 15 - Gas Frorit P o s i t i o n  E f f e c t s  on Opera t ing  Tcr:ipcrsturc 
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-7 value vas calcul.atcc? t o  be 6.466 x 10 11,-nolc + i,;,-7% fo r  thc extremes. 

The 10 runs were s c l c c t r d  f o r  tlicir rnncc cif conditions and f o r  the c loseness  

of t h e i r  conckmscr conductance values t o  t h e  average. The c a l c u l a t e d  pas 

mount was uc 

10 runs.  Table  4 su:mzrizes  t h e  r e s u l t s  f o r  t h e  5 r u n s . .  

. v i t h  GASPIPE t o  p r e d i c t  t h e  h e a t  load f o r  5 out  of t h e  above 

I!eat Load C o n t r o l  Evaporator 1Ieat Load Rat io  
Expc r i w n  t 11 ode Tempera ture  Ca lcu la t ed  

Q, 

Q, 

- watts watts OF 

Qt? Q c .  -- 

2 . 1  c o n t r o l  67 0.3 6.8 

9.0 c o n t r o l  69 9.2 .97 
15.3 C O t l t  KO1 69 18.3 1.1 
22.6 bollOy.JS C h S C C !  76 25.1 .9 
29.9 c o n t r o l  73 29.9 1.0 

The table  shows f a i r  a g r e e r e n t  K i t h  t h e  except ion of t h e  low porrer case where 

the fraction oE a c t i v e  condenser is extremely s e n s i t i v e  t o  t h e  gas f r o n t  loca- 

t i o n .  A t  t h i s  p o m r  s e t t i n g ,  t h e r e  is less than 112 i n .  of a c t i v e  condenser, 

and small e r r o r s  i n  t h e  e s t c n t  of the gas b l o c k a ~ e  c3n s i g n i c i c a n t l y  a l t e r  

t h e  h e a t  load. 
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Coli CLU S 1OXS 

This  program has d c r o n s t r a t e d  the va luc  of a variahlc-condut tancc 

h e a t  p ipe  ir. t h e  c o n t r o l  of t h e  t e r q x r a t u r e  of a power sourcc uhic!i ranged 

f r o n  2 t o  30 w a t t s .  

t u r e  rmgcd  f r o n  37°F t o  Gl'F, b u t  w i th  a variable-conductance pass ive  feed- 

back c o n t r o l  syster ,  the source t e c p c r a t u r e  was c a i n t a i n e d  a t  70°F + 3 1/2.  

The p c r f c r w n c c  of t h e  feedback bellows volume a c t u a t i o n  system is l e s s  

Il i t l i  t h e  h e a t  s i n k  a t  32"F, t he  powcr source teclpcra- 

- 

i r p r c s s i v e  t;hen cosparcd t o  the t h e r m 1  c o n t r o l  which is ob ta inab le  wi th  a 

f ixed  v o l u m  r c s c r v o i t .  The l e s t  c o n t r o l  i n  t h i s  aodc uas found with a 

volurre of 6.8 cu. in .  when t h e  source was na in ta ined  a t  65'F + 5 .  Considering - 
tllc abso lu t e  ifi:provec,ent i n  t h e  source terr.pcrature v a r i a t i o n  froia 10°F t o  

? O r  ( f o r  c s y , s r z b l z  fi::r2 37.2 -:;ri~5ls ~ ~ 1 ~ x 2  r s s c F ; o i r s > ,  rF.c *-,.--- AI.*'>. ct'e::211t is 

n o t  d ramt ic .  I n  f a c t ,  t he  s i z e  and weight of the bellows and tbe susccpti- 

b i l i t y  t o  f a i l u r e  of the bel lows system by ove rp res su r i zcc ion  o r  f a t i g u e  

could make t he  feedbac2.r a c t u a t i o n  loop i r .pract ica1.  

The a d d i t i o n  of a p l u g  t o  occupy appros ina te ly  one-half of the con- 

denser  volunc s i & n i f i c a n t l y  ir?.provcd t h e  performance. For e x m p l c ,  i n  t h e  

v a r i a b l e  r c s e r v a i r  v o l u m  Eode t h e  t e z p e r z t u r e  r i se  was reduced f ron  10°F to  

7°F f o r  t he  power r a n r e  of 2 t o  30 w a t t s .  

Computer modeling of tlic s a s -con t ro l l ed  heat pi9e was done with t h e  'I%!- 

GASPIPE profiran. 

amount of gas i n  t he  systcc: vas no t  indcpendcntly Cetcrnincd;  hor;.evcr, tlie 

l ipi i tcd a p p l i c a t i o n  dcc:onstratcrl t h a t  the program is a Itseful t o o l  f o r  t h e  

T h i s  s t u d y  was an ina!cquate t es t  of t h a t  p r o g r m  s i n c e  the 

predi-ct ion of performance of such system. 
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A 

C 

f (  1 

k 

L 

P 

Q 
R 

T 

\ '  

!? 

rl 

I: 

x 

area 

constant defined i n  t e x t  

function 

bellows conbined spring constant 

length 

pressure 

heat t r a t x f e r  r a t e  

the m a  1 re s i  s t ancc 

texrpcrature 

vo lune 

isoberic C_h2T??1 e y I 2 2 s l c r :  c 2 z f f i c l c c t  

bellows p o s i t i o n  

i so the m.2 1 c n p  res s !.b i 1 i t y 

enthalpy of vaporization 

Subscripts 

1 

2 

a 

C 

e::t 

i 

e f f e c t i t e  area of aux i l iary  f l u i d  bellows 

e f f x t i v c  area of gas bellotqs 

auxi l iary  f l u i d  

condenser 

ex  tcrnn 1 

gas 

i n i t i a l  c o n d i t i o n  ( for  bellows i rcprcscnts t h c  unstressed 
* 

posi t ion)  
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Subscripts (continucd) 

0 sink 

P heat pips: 

1: reservoir 

6 source 

X cross-section 

V vapor 

X cross-secticnal 



Appendix A 

T h i s  sect ion contajns a s i m p l i f  i c i  a n a l y s i s  of the klcllows system 

w i t h  auxiliary f l u i d  actuation. 

systcr?. and the specification of t he  b e l l o w  ckaractcristics. 

The  analysis vas used in the d c s i p  of the 



Vari ab1 e Z x t a - n a l  

OR, TR' ngr '  P", + p $!- = p 

Internal Gas !'o'umc 
Auxi 1 ia ry  F l u i d  
Sensing Reservoir 

(Ta, Pa, 'Ja,/3,-Xa) 

FIGUItE h-1 .. iecdback V a r i a b l e  Conductance Parmcters 
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systcn.  

intcy,rntion, such 3s t he  s i x  cf the ao?;ilia~'-.- ~ c l l o ~ * s .  The c o s t  of a 

bellows t a i l o r e d  t o  the  exac t  sizes rcco::r:cnircd {:as cxorEita- t .  

some off-the-shclf  s i z e r  \:ere s u b s t i t u t e d  a f t e r  ana lys i s  t der.onstratc t!mt 

In sone cases ,  s i z c s  were ndjusteJ  s l j . g h t l y  t o  accc.zocl;icc c!e::ign 

Tlicrcforc, 

thcy vould be s u i t a b l c .  The f i r s t  step i n  thc 2esiEn W ~ S '  t o  ciioose Zn 

e f f - c t i v e  area for the  large (gas) Eelldvs. 

sq. in. e f f e c t i v e  a r e a  vzs ab .os t  i d e n t i c a l  t o  the or i$ i f ia l  desiCn. 

renaindcr  o f  the bellow dii::msior.s \:ere ccllculztcd zf t e r  a.ssu::.ing t h a t  cnly 

the  a u x i l i a r y  f l G ; i L  \ioulc' 5c used t o  z c t u z t e  t h e  Eei.los:s. 

An off-t!lc-shelf size oL' 4.S9 

The 

In a c t u a l  grac- 

assi1i:ptior.s si-2 c c c s c r v z t i v c  ';ut thcy c ! ~  p lace  u;:pcr !.ounc!s on t h e  c:tir..iting 

P i O C C S S .  

After choos511~ i t  is e z s i l y  c a l . c u l ~ t e d  ( A n  = LC(A 

p1acc::er.t ef the Le l l o r r s  by 9.3FI." is r equ i r ed  t o  r o v e  t h e  g s s / v q o r  i n t c r f a c e  

the lcn,ot!i of the  condenscr. 

)/P,.) t h a t  c? d i s -  
XP A 

The x t u a l  s i z i r .?  of ti:c spa11 a c t c a t i n g  hel loirs  is tn i t e r a t i v e  proccas 

requiring t r s d e s  b c t w c n  s p r i n g  cons t an t  and o p e r a t i n g  pressrll-e. Sy ig,r,oring 

the c f f c c t  of the h e a t  p i r c  total pressure on t he  b;Cllo<Js p o s i t i c n ,  Kc. (,\-9) 

rcduces t o  

(A-12) 
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. 
1. rl = 0 ;  rl = 0 ( a c c c l c r a t i a n  n:id v e l o c i t y  d x p i n g  arc nr~iigiblc 

2.  

3. The e n t i r e  volure of a u x i l i a r y  f l u i d  is  at T . 
4. 

5 .  The Eelloi-s s p r i n g  c o n s t a c t  is c o n s t a n t .  

6.  

Tlic e::tcrnal prcssure on t h c  5ello-ds systcx is cons lan t .  

S 

tlysteresis i n  the  bellows is ncg lec t e6 .  

The cubic cxpsnsion and cor . i , ) ress i l i l i ty  f a c t o r s  f o r  the a u x i l i a r y  

f l u i d  are c o r s t a n t  over  t h e  o p e r a t i n g  ranre. 

7. The expansior? of t h e  a u x i l i a r y  c h z d j e r  walls  is  c e g l i g i 5 l c .  

L'ith t h s e  a s s u r p t i o n s ,  t t c  f o l l o - d n g  yc r fomance  eqc2tior.s a r c  der ivcd:  

A force bz l snce  on t h e  b e l l o x s  p o s i t i o n  gives 

lor a ttco phase system 

(A-2) 

(11-3) 
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(A-4)  

Ey c l c i i n i t i o n  of P. 
S' 

dif fercnt iat irg  rit?: respect to r\ 

-t 

A22 + K V t 
a a  dTV 

T h i s  expression c2n a l s o  be v r i t t c n  in tcrps of T 
s -I 

A2EaVa i- P K V f '  l a a  
or dn 

dTs 3 a a  

- =  
A 2 + K V  k 

dTv A 6 V + ,I I C \ '  f '  (T ) - 
S 

2 a a  l a a  v dT d s  - =  
"*2 +r i' k . . dTs a n  

(A-5) 

(k-7) 

(A-S) 

(A-9) 



hand s i c k  of Cq. (A-S) anc! (A-3). 

1. l.!inirizc Aux i l i a ry  F lu id  C o c p r c s s i t i l i t v  - Althou,o.h this f a c t  is SWC- 

\:hat r.as?.:ct: by Eq. (A+), 2 lock at Lq. (A-3) s!lo:rs the  changc i n  dP /dT 

is dep-adcc! Ly i n c r e a s i x g  cor.prcssi1:I.lity. 

a a  

2. XasicLze I' - :+62in, t h e  c r c c c t  of V is n o t  c l e a r  ir. Cq. (A-?) b u t  Cq. 
dP a a 

a (l'.-3) c m  Le rearrany,cd t o  s!;ov dVa/dT = \r - K -) and as long 

as ( 6  - K dPa/dTa) is p o s i t i v e ,  o4;ich i t  cast bc Tor p o s i t i v e  f ee l5ack ,  

:ncrcasing 1' 

a a a dT 
a 

t c i l l  zlvays ir!;ir?vz ? c r f o r m n c e .  
3 

T.ncreasing A - Thc c x t c n t  of irr.provcd perforra?ce T.-ith i n c r e a s i n g  A is  

dcpciident cc the  rclZt:'.vc v a l u e  of tiic terrrs i n  tlic nunercitor. The tern 

1 1 

incluGinC 

on the larse E c l l o ~ s  acd is r e a l l y  not  pa r t  of t ke  fec!bacL icop. 

Inc rease  f '  (Tv) - This  tern a l s o  i s  n o t  par t  of t h e  desipn feedback 

loop, bu t  i t  is a p l u s  f a r  the systcr.~. The c!aCnitudc, of course*, depcnds 

cor< cs about f ror .  the pres su re  t i12 r,ns/vapor ni::ture e x e r t s  

4. 

on t he  vorkixp fluid and t c r p c r z t u r e .  Xotc that this tern is p o s i t i v e  

as shoim by the Clapeyron r e l a t i o n  

5.  1ncrc:nsc dT /JT 

is aI.iiays posi . t ive w i t h  a s t c b l c  s y s ~ c m .  

r e q u i r e s  t h a t  R be a n in in i r i .  

- Ey Cq. (A-8) t h i s  t e r n  i s  crliial t o  (1 - Rs JQ/dT ) and v s  S 

T?iereforc,  t o  riiclxirnizc d': /dT v s  
(Kotc t h a t  a l l  p t i r a x t e r s  i n  the tcrrii 

S 

V f '  (T ) dT /dT a r c  p o s i t i v e . )  "1 a a V v s  
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6.  

7. 

8. 

k o i i n i z c  the cubic  expansion cocf f i c i p n t ,  C (scc: 2 above). T h i s  

prope r ty ,  nloiig r i t i i  tlic c o r q r c s s i b i l i t y ,  is s c t  by t h e  choice of 1:ork- 

a 

i n s  fluic! and Eq. (A-9) siiocis i ts  e f f e c t  d i r e c t l y .  

Optirnizc A - For s r d l  c113nps i n  vapor teclperaturc t h e  l a s t  term in t h e  

nunerntor  of Eq.  (A-9) appronches 0) a x ?  i t  takes  t he  forn 

2 

where C and C a r c  c o n s t a n t s  (A-10) 1 2 

A has a tiaxirr.ur.i a t  % 2 

liowever, Kq.L!-l) can be a l t c r e d  t o  show 

(A-11) 

Eq. (A-1-1) is slit*ays positi\v.c! 1 6 t h  i .acrcssing source teiAper-ature i f  t h e  

be1lob:s feedback systen is Irorkicz 2: a l l .  Tiinrefore, v c q  sraL1 v a l c c s  

of A2 ray c a s e  an  c:iceedingly h igh  pressure i.n the auiriliary f l u i d  I c l -  

lows. For a t y p i c a l  n e t a l  Lcllolvs this f o r c e s  i! trade of f  tetween t h e  

s p r i n g  cons t s a t  an(! tlle l.ellor:s al lovaLIt p re s su re .  

Kiniriize t h e  r p r i n g  ccns  taiit, k - \?XI e t h i s  o l w i o u s l y  irnprovcs r e r f o r c -  

ancc tlle precec’.ing a r p m n t  shoulZ bc hcedcd before c1ioosir.g a mininun 

wall  th ickixss  Lel.loi:s t o  ri.ni;;,ize t!ic spring cons tac t .  

The t i c s i p  of thc fcedSack c o n t r o l  sp-tcr;: rcqtiircs s i z i n g  of the bellovs 
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fuc:tion of h f o r  vari.ous v a l u e s  of b c l l o m  Epring c o n s t a c t s  and for- va lues  
2 

of Va, P and K used i n  the 2csiCn. a a 

With thc assucp t ion  that the vapor t e r  pcca ture  un?cr&ocs a n e g l i g i b l e  

change, the sml1 bel1o:is o p e r a t i n g  p res su res  can be ca lcu l  a t c d  u s i n g  F igure  

A-2 and t?ic fo l lov inC r o d i f i e d  f o r n  of rq. (A-11) 

(A-1 3) 

The requi red  s t r o k e  i s  0.383.'' and assuming an i n i t i a l  p re s su re  of 1 atrn. 

k .then 6Pa < 14.7 + .381 - 
A2 

- 

The e q u a l i t y  is p l o t t e d  f n  F i z u r e  A-3. 

The p,cr.cral trccc! of t5e cur\ies i n d i c a t e s  a d e s i r e  t o  choose a Lel lovs  

v i t k .  a IC;: sFr.icG c o w t a n t .  

vhose spririg cons t an t  vas low but one \:here t h e  a l l o x a b l e  p rc s su re  was high 

enough. 

T1ii.s d i c t a t e 2  looking  for  a L e i i o c s  coKbination 

Typica l ly ,  t he  convolutcd tyFe bel lows  have very  hiZS s p r i n g  cons t an t s  

( > 100 l b l i n ) .  

a t  over 7CO p s i  t o  g e t  mximun s e n s i t i v i t y  and tlie icqui.:ec? s t roke .  A bellows 

type called the "nes t ing  r i p p l e "  !:as low s p t i u s  cons t an t s .  

wall cons t ruc t i eu  lirdts the rr.asiF.un t iorking p r c s s u r c  on s r ra l l  diameter  be l -  

lows t o  aboct 299 ps id .  

size (A ) could riot IC usi-d. Gonseqccntly, an off-t!ie-shc!lf s i z e  was picked 

witli an e f f c c t i v c  fire3 of .075 i n  

This. ccr4incd wi th  t h e  o u t e r  bcllo-.:s s p r i n p  con:itmt: of  16 gnv? a t o t a l  of 

31 Jbs / in .  Thcsc vniucs se t  the cini; ; :un c!esi&n scbnsi t ivi ty  a t  

d d d T  

A bellows 7:ith D s p r i n g  cons tan t  of 120 l b / k  rould opera t e  

liowever, t!ic t h i n  

C e c m ~ s ~  of this pressure l i r i l t a t i c n  t h e  c?ptfn:un: 

2 
an? a s p r i q  c o n s t a n t  of approxica te ly  15. 

= 7.039 i n i 0 F  nee! t h c  r!a>:iiytbm rcc;uirc.tl wor!;i.~.,g p r c s s r ~ r c  a t  175 p s i d .  s 
t 
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One of tlic pr im c o n s i d c r a t j o n s  of t h e  Li.llo;.:s/l:cc?t p i p c  systcr.: i s  t h e  

pressure J i f  f c r c n t i a l  a c r o s s  tl:c l a r ~ c  I)elious f ~ c e .  A lipat pi.?c typ ica l ly  

o p e r a t e s  i n  an i r i t c r n n l  p r c s s u r c  ran,-,e t l i a t  is d i f f c r c n t  tiicjn x b i c n t .  T h e  

pipe i n  t h i s  progr,m Jias dcs igned  t o  operate L€t\:c.'il a ?? rox ina te l  j .  3CI-i00°F 

c o r r c s p o n d i q  t o  a t o t a l  i n t e r n a l  h e a t  p i p e  p r c s s u r c  of 'about 0.2-4.C psia. 

T h i s  frenns the e;:tcrnal. f o r c e  OF thc. E e l l o w s  cou ld  IC as hiEli as 14.5 x 4.89 = 

71 lbs. r e q u i r i n c  an a u x i l i a r y  i v c s s u r e  of 7U.075 = 959 p s i  j u s t  t3 overcor:.e 

the a tc .oshpc r i c  p r e s s u r e .  

t h e  trorSin8 f l u i d  Mould d r i v e  t h e  Se l lo t r s  w i d c  opcn rcnde;.iny, i t  useless. 

T h i s  p r o b l e n  tias c v c r c o x  by e n c a s i n g  t h e  bcilo1n.s a s s e r b l y  in a sealed chzcber. 

The prtssul-e i n  the cI:ici.:tlcr cou id  Le a d j u s t e d  sc t i t a t  ct tbc dcsireci i c i t i . n l  

c o n d i t i c n s  ti:c 'vc..ilot:s coclt! t c  set  at: zr.y position. i'lle cl:zF*:cr vas  de 

Gf p!.ciiglas so t h e  k e l l G K s  t:otio:i coul d Le obse rved .  

of the o r i z i n z l  svstec  1,:;'~s t!ic i r c b i  l i t y  t o  c s t e r z a l l y  a d j u s t  tiie a u x i l i a r y  

b e l i o i i s  f l u i c !  p r e s s u r e  ORCC t h e  s y s i c ~ .  vas s c a l c d .  

a t e <  by i c s t a 3 l i n S  a screw p i s t o n  i n  t k e  a u x i l i a r y  l ine.  These ttio adc!itions 

t o  thc o r i g i n a l  d c s i g n  ~ a v e  a good dccl of v e r s a t i l i t y  d u r i n g  t e s t i n g .  

F o r  a vacum. a p p l i c a t i o n  tlic i r . t c r rml  p r e s s u r e  of 

2.n u n d t s l r a b l c  feature  

This p r o L 1 2 ~  uas a l S e v i -  


